The h eats of combustion at 25 °0 of trimethylborane (liquid), triethylborane (liq uid), and tri-n -butylbora n e (liquid), to form crystalline boric acid, liquid watcr, and gaseo us carbon dioxide have been determined to be-2989.4 ± 22.4 ki /mole (-714.48 ± 5.36 kcal/ mole),-4975.6 ± 15.1 ki/mole (-1189.2 ± 3.6 kcal/mole), and-890l.0 ± lO .2 lei / mole ( -2127.4 ± 2.4 kcal/ mole), respectively . These data, eombined with t he heats of formation of boric acid, carbon dioxide, and water give -34 .79 ± 5.40, -47.2 ± 3.7, and -83.2 ± 2.5 kca l /mole at 25°C for the standard heats of formation of trimethylborane, triethylbora ne, and t ri-n-buty lborane, resp ectively . Th e d ata of other investigators a re disc ussed briefly.
Introduction
The alkyl boranes comprise a unique and rather extensive group of compounds somewhat anal ago us to the hydrocarbons. As in the case of the hydrocarbons, a knowledge of the thermochemistry of the lower members is necessary for calculating the thermodynamic properties of the other members of groups from bond energies and for determining the effects of molecular structure. The lower members of the group are extremely pyrophoric; trimethylborane and triethylborane ignite immediately upon exposure to air. Tri-n-butylborane also oxidizes rapidly in air but takes fire only when spread over a fairly large surface.
Materials
The samples of trimethylborane, triethylborane, and tri-n-butylborane were obtained from the Olin Mathieson Chemical Corporation. The trimethylborane was purified by means of fractional crystallization 1 and the purity was determined to be 99 .9 mole percent from calorimetric freezjng-point determinations. 2 The material was stored in a stainless steel cylinder at -80°C.
The purities of the triethylborane and tri-n-butylborane were estimated to be about 99 percent from the quantities of carbon dioxide produced in the combustions. The samples were prepared by the reaction of the appropriate alkyl magnesium bromide with boron trifluoride. The most likely impurities were the mono-and di-alkyl substitution products. Therefore, the quanti ty of carbon dimride found in the combustion products was assumed to be an indication of the purity of the sample. No attempts were made to purify these materials further because of the small quantities of material available. 1 Pure Substances Section of the Ohemistry Division. 2 'fbermodynamics Section of t he Heat Division.
The oxygen was purified by passing j t through an oxidizer (containing copper oxide at 600 °C) and through an absorber containing Ascarite.
Apparatus
The calorimeter, the thermometric ystem, and the general calorimetric procedure have been described previously [1, 2, 3] .3 A twin-valve stainlesssteel bomb, fitted with a gold gasket, was u ed for the combustion experiments on trimethylborane; the volume of the bomb was 376 ml. A similar bomb, wjth a Teflon gasket and having a volume of 3 5 ml, was used for the experiments on triethylborane and on tri-n-butylborane. The apparatus used for determination of the quantity of carbon dioAride ha been described [2] . Spherical Pyrex-glass bulbs, having capacities of 0.5 to l.0 ml, were sealed to standard taper joints, weighed, and attached to a distillation manifold with wax (Api ezon "W"). Samples of trimethylborane, weighing 0.2 to 0.4 g, were distilled into the bulbs which were then sealed in vacuo, warmed to room temperature, and weighed. The bulbs were then stored at -80°C.
The bulb containing the sample was wrapped with glass wool, placed in a platinum crucible and weighed . About 0.1 g of n-hexadecane (NBS Standard Sample 568) was dropped on the glass wool and the quantity determined by re-weighing the crucible. A platinum wire fuse, 0.076 mm in diameter and 50 mm long, was connected between the bomb electrodes so that it was located slightly above and near the side of the crucible. A weighed strip of filter paper was then attached to the fuse and placed so that it extended to the bottom of thp crucible.
~wo milliliters of water were placed in the bomb WhICh was then closed and placed in the calorimeter can with enough water to cover the surface of the ·bomb . The bomb was then flushed with purified oxygen (to remove nitrogen) and filled with oxygen to. a pressure of 30 atm at 25 °0. The can, together wIth the water and the charged bomb was weighed and the quantity of water adjusted to' 1,000.0 g less than the total amount required for the "standard" calorimeter system. The can with its contents was then transferred to the calorimeter and 1,000 g of water was added from a weighed flask. After the transfer of water the empty flask was re-weighed to determine accurately the amount of water added.
It was necessary to keep the bomb submerged during and after filling to avoid the danaer of an accident if the bulb broke under the oxygen b pressure. Because of the difficulty of manipulating the completely filled calorimeter can, the 1,000 g portion of water was added after the can was inserted into the calorimeter. Because the quantity of water was not exactly reproduced from experiment to experiment a small but accurately determined correction for th~ r~sulting deviation in the heat capacity of the calonmeter system was made in each case.
The gaseous c.ontents of the b?mb were analyzed after eac~ e.xpenment to dete~mme the quantity of carbon dIOxI~e . [2] . In th.e tnmethylborane experiments, the hqmd and sohd materials remain ina in the bomb were washed with hot water into a bo~on free beaker. The resulting solution was filtered through a sintered-g~ass funnel t? remove the glass fragments and the lllsoluble reSIdue. The filtrate was titrated for nitric acid, and for boric acid in the presence of mannitol, using standard alkali solution' the end points of the titrations were determined by means of a Beckman pH-meter.
The solid portion collected in the filter was digested with nitric acid to dissolve elemental boron' analysis of the resulting solution showed no meas~ urable quantity of boric acid, although the solution was so highly buffered that precise measurements were not possible. Portions of the insoluble residue were found by X-ray diffraction studies 4 to contain traces of B 40 , the only crystalline material identified.
Triethylborane and Tri-n-butylborane
The samples were placed in spherical soft-glass bulbs . by means of a hypodermic syringe; this operatIOn was performed in a dry-box containing an argo~ atmosphere. Ru,?ber caps were placed over the tIpS of the bulbs WhICh were then removed from the dry-box, cooled in an ice-bath, and sealed.
The bulb containing the sample was placed in a platinum cruci~l e . . An iron wire fuse, 50 mm long and 0.127 mm III dIameter, was connected between the electrodes and adjusted to be about 1 mm directly above the sample bulb. One milliliter of wa tel' was placed in the bomb which was then closed.
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The flushing, filling and transfer operations, and the subsequent analyses of the gaseous combustion products were the same as described for the experiments on trimethylborane.
Calibration
. The cfl:lorimetric systems were calibrated by means of. a senes of combustion experiments on benzoic aCId, NBS Standard Sample 39 g. The certified value for the heat of combu~tion of this sample in the standar~l bomb process IS 26433.8 ± 2.2 jig at 25 °0. ThIS value, when corrected for deviations from the standard bomb conditions, gave 26430.9
Jig a:t 28. °0 [4] . The energy equivalent of the ca.lonmetnc system used for the experiments on tnmethylborane was determined to be 141754.7 ± 7.0 j/ohm.
The energy equi.valen t of th~ calorimetric system used for the expenments on tnethylborane and trin-:buty~borane differed significantly from that used WIth tnmethylborane because of the substitution of a larger bomb. The certified value for the heat of combustion of be?z?ic acid in the bomb process, corrected for deVIatIOns from the standard bomb ~rocess, was determine~ to be 26427.1 jig at 29.8 O. The energy eqUIvalent of the calorimeter system was determined to be 136080.6 j/ohm.
Units and Conversion Factors
All atomic weights were taken from the 1957 International Table of Atomic Weights [5] . All weighings were corrected to weight in a vacuum.
Th e unit, of energy was the joule; for conversion to the conventional thermochemical calorie one calori e was taken as 4.1840 joules. ' 
. Results and Calculations
The heat of combustion of n-hexadecane was taken as -47155.2 ± 7.7 jig for the bomb process at 28 °0 [6] . T~e hea:t of combustion of the filter paper was determllled, III a. separate series of experiments, to be 17084.5±8 .0 Jig for the bomb process at 28 °0' analyses of the c?mbustion products gave 1.599 g OO~/g. Thp densIty of trimethylborane (liquid) at 25 °0 w~s ~aken as 0.625 g/c~3 [7] ; the heat capacity ~or the hqUId at 2? ~O was ~stimated as 30.8 cal/mole o [8] . The densl tIes of tnethylborane and of tri-nbutyl.borane were taken as 0.74 and 0.68 g/cm 3 respectlVely from the volumes and weights of the sample bulbs; the heat capacity of triethylborane was t.alcen as. 57.6 cal/mole °0 [8] , and the heat capaCIty of tn-n-butylborane was estimated to be 107 cal/mole °0.
The results of the experiments on the combustion of trimethylborane are given in table 1 where DoRc is the corrected temperature rise of the calorimetric system [4] , Doe is the deviation in the energy equivalent of t.he actual calorimetric system from that of the calIbrated system, qN is a correction for the heat of formatiop of nitric acid [4] , WO is the Was hburn correctIOn [4] , q B (am ) is the correction for con- verting amorphous boron to crystalline boric acid, and f1Eo is the heat of the consLant-volume process at 28°C with all reactants and products in their r espective thermodynamic standard states. The Washburn correction has been modified for these calculations to include the heat of solution of the combustion products in the aqueous portion. The mas of n-C16H 34 , of CO2, a nd of sampl e, S, given in table 1 are corrected to vacuum ; the weight of filter paper is not corrected to vacuum. Boron in the sample which was not found as boric acid was assumed to be present in the insoluble products as amorphous boron. :For the conversion of amorphous boron, gaseous oxygen, a nd liquid ' water to crystalline boric acid, we used -670 kj / mole of amorphous boron as the heat of reaction. The calculation of f1Eo was based on the moles of trimethylborane calculated from the ample weight, because the use of auxiliary materials introduced errors in the determination of carbon dioxide formed in the combustion of the sample. The average ratio of the mass of carbo n dioxide found in the products of combustion to the mass of carbon dioxide calculated from the masses of sample and n -hexadecane, and weight of filter paper was 0.9943 where the standard deviation of the mean was ± 0.0024. The results of the experiments with triethylborane and with tri-n-butylborane are given in tables 2 and 3 respectively. In each case the calculations were based on the mass of carbon dioxide produced in the combustion process.
ClRc Cle
The results, corrected to the constant-pressur e process at 25°C, correspond to tbe reactions: The uncertainties assigned to the abo ve value have been taken as twice the standard deviation (or twice the aVE'rage deviation ) of the mean of the experimental values, combined with reasonable estimates of all other lmown so urces of error .
The heats of formation of carbon dioxide (gas) and of water (liquid ) were taken from the literature [9] ; the h eat of formation of crystalline boric acid was taken as -262. 16 ± 0. 32 kcal/mol e [10] . These were combin ed with the values given above to obtain t he heats of formation of the liquids given in table 4.
The heat of vaporization of trimethylborane at 25°C was calculated to be 4.S3 kcal/mole from the calorimetric data of Furukawa and P ark [8] and the vapor pressure data reported by Furukawa and Park [S] and by Stock and Zeidl er [7] . The heat of vaporization of triethylborane at 25°C was calculated to be 8.8 kcal/mole from the vapor press ure data of Furukawa and Park [8] . [11] . These values were used to obtain the heats of formation in the gas phase for trimethylborane, triethylborane, and tri-n-butylborane given in table 4. These heats of formation have been combined with the data on the hydrocarbons [12] to obtain values for the average B-C bond energy. The heats of formation at 25°C of B(g), H (g), and C(g) were taken as 135.2, 52.1, and 171.3 kcal/g-atom, respectively [13] . The heat of formation of methane was used to obtain the average bond energy of the C -H bond in the methyl group. Combination of this value with the heat of formation of trim ethylborane leads to 84.4 kcal/mole for the B -C bond. The data for ethane, propane, and butane were used to obtain values of the average bond energies of the C -H and C-C bonds in the higher alkyl groups. Combination of these values with the heats of formation of triethylborane and tri-n-butylborane leads to values of 84.3 and 84.3 kcal/mole, resp ectively, for the B -C bond. This value, together with the values of the C -C and C-H bond energies obtained for C2H 6, C3H s, and n-C4HIO, was used to calculate the heat of formation of tri-n-propylborane given in table 4 .
The values for the isomeric propyl and bu tyl compounds given in table 4 were obtained from a comparison with the data on hydrocarbons [12] . The values, except for tri-t-butylborane, include only the effects of isomerization in the alkyl groups. The value for tri-t-butylborane includes a r epulsive energy of 1 kcal for interaction between each pair of groups. It is felt that the uncertainty of these calcul ated values is ± 5 kcal/mole. Long and Norrish [14] have also measured the heat of combustion of liquid trimethylborane, but under slightly different conditions. A correction of their data for the value taken for the heat of combustion of the benzoic acid with which they calibrated their calorimetric system, for the heat of solution of the boric acid formed, for the atomic weight of carbon, and to 25°C yields for the liquid: 
. Discussion
Measurements of the heats of combustion of tIl(> alkylboranes, as well as of boron compounds in general, are subject to several uncertainties regarding the natun and thermodynamic states of the combustion products. The major portion of the boron is burned to form boric oxide which is then hydrated to boric acid; it is not known, however, if the hydration process is completed during the period when calorimeter temperatures are being observed. There is also some uncertainty regarding the amount and the concentration of aqueous boric acid. Although the assumption was made that the liquid water in the bomb was saturated with respect to boric acid at the final calorimeter temperature, this is very probably not true. Later we plan to do more work to supplement the two experiments reported for triethylborane and for tri-n-butylboran , and we hope at that time to obtain more information regarding the final state of the products.
It was necessary to use rigid Pyrex bulbs for the trimethylborane samples because of the high vapor pressure of the compound and to permit transfer of the material in vacuo. The use of flexible soft-glass bulbs for the triethylborane and tri-n-butylborane samples was attempted but they invariably broke during filling of the bomb ; it appears that these liquicls have abnormally high compressibility coefficients.
The use of soft glass for containing the sample is generally preferred, except in those cases which require the sample to be frozen or cooled to very low temperatures, because the bulbs are usually fused into small globules during the combustion process. Rigid Pyrex bulbs are usually not fused and some method must be employed to shatter the bulb completely; the sample may otherwise be entrapped within the bulb and burn in a limi ted supply of oxygen.
In the case of trimethylborane, the residues contained small amounts of a dark material, which was not soluble in water, and which indicated the presence of elemental carbon, elemental boron, or boron carbide. Although the amounts of elemental boron were too small for determination by the analytical methods employed, the possibility of its presence could not be eliminated. The quantity of boron carbide, although detected in the residue, was assumed to be negligible.
The residues from the triethylborane combustions appeared to contain extremely small amounts of wa ter-insoluble materi als ; the residues from the trin -butylborane contain ed ' no visible traces of insolubl e material. This trend was to b e expected, however, since the quantities of elem ental boron or of boron carbide would b e a fun ction of the total a moun t of boron in the sample.
The h eats of combustion a nd formation given in t his paper are b elieved to b e accurate within the limits of the assign ed un certaintlBs. Additional measure ments on compounds of high er purity would not appreciably reduce these uncertainties because they are chiefly caused b y our in ability at the present time to characterize accurately t h e nature and thermodynamic states of t he co mbustion products .
